I. Introduction I ntravascular ultrasound (IvUs) has proven to be a valuable medical imaging modality for the diagnosis of arterial diseases. Its ability to directly image the vessel wall enables IvUs to provide precise evaluations of lumen dimensions, plaque composition, and calcium content [1] [2] [3] [4] . a typical IvUs probe consists of a rotating shaft with a side-looking unfocused single-element transducer which provides a radial imaging geometry of a cross section of a vessel. The size of an IvUs catheter in clinical applications ranges from 2.6 to 3.6 Fr (0.90 to 1.18 mm), limiting the aperture of the transducer within the catheter to be less than 0.8 mm [3] . The center frequencies of commonly used IvUs transducers are between 20 and 40 mHz, implying that the axial/lateral resolutions are on the order of 60 to 300 μm. This value is inferior to that of intravascular optical coherence tomography (ocT) imaging, the resolution of which is on the order of 10 to 30 μm, providing much more detailed information about the microstructures of vessel and plaque compositions. However, the drawbacks of limited penetration depth of approximately 1 mm and the blood clearance safety issue prevent ocT from being efficiently used [5] [6] [7] [8] . Increasing IvUs center frequency to 80 mHz or higher is a compromise between resolution and penetration. To date, little IvUs work has been done at such high frequencies, because it is hard to fabricate miniature transducers working well at 80 mHz or higher. another concern is the strong tissue attenuation at high frequencies. at 80 mHz, an attenuation coefficient of 10 db/mm is expected for the coronary artery, which means that a penetration depth of 3 mm can be achieved for a system with a dynamic range of 60 db [3] . However, such a system requires highly sensitive miniaturized IvUs transducers, which is a great challenge.
building such high-frequency transducers is challenging because the preparation of very thin piezoelectric layers with properties similar to the bulk material is difficult. The merit of the piezoelectric material is mostly determined by electromechanical coupling coefficient (k t ) and dielectric permittivity (ε r /ε 0 ). Piezoelectric materials with high k t value are efficient in energy conversion, suggesting improved sensitivity of the transducers. meanwhile, dielectric permittivity is a critical issue considering the electrical impedance matching of the transducers to the 50-Ω imaging electronics, which would affect the sensitivity in both transmitting and receiving. The electrical impedance of a transducer is inversely proportional to the piezoelectric material's surface area and dielectric permittivity value [9] . For a miniaturized IvUs transducer, materials with high dielectric permittivity value are more desirable. among all piezoelectric materials, [Pb(mg 1/3 Nb 2/3 ) o 3 ] 0.63 [PbTio 3 ] 0.37 (PmN-PT) single crystal is a promising candidate with high k t (0.58, Hc materials, bolingbrook, Il), ε r /ε 0 (5229 [10] ) and d 33 (2000 pc·N −1 [11] ) values. However, traditional lapping of PmN-PT single crystal bulk down to the thickness of 20 to 30 μm is extremely difficult and time consuming. relatively large thickness variation (~3 μm) and cracking would make the quality of transducers hard to control. additionally, the degradation of dielectric and electromechanical properties of single crystals with decreasing thickness [12] [21] . because of their high k t and ε r /ε 0 values, they could be good candidates for IvUs transducer fabrication. In this paper, we report the use of novel PmN-PT free-standing films for high-frequency transducers. In contrast to normal thin films that require substrates which degrade the piezoelectric properties of films, free-standing films were produced without substrate. based on the films, highly sensitive miniaturized 80-mHz IvUs transducers were built. In vitro imaging of healthy rabbit aorta has been carried out to verify the feasibility of the thin-film transducers for intravascular imaging with better resolution than current transducers. It is shown that the use of piezoelectric free-standing films can be a viable approach to produce very-high-frequency ultrasound transducers and greatly simplify the process of preparing thin piezoelectric layers.
II. Preparation and characterization of PmN-PT
Free-standing Film
A. Film Fabrication
PmN-PT was synthesized with a modified precursor coating method as previously described [17] . Nb 2 o 5 (99.99%, aldrich chemical co., milwaukee, WI), titanium isopropoxide (Ti(ocH(cH 3 ) 2 ) 4 , 99.9% alfa aesar, Ward Hill, ma), lead acetate anhydrous (Pb(cH 3 coo) 2 ·2Pb(oH) 2 , Fluka, st. louis, mo), mg(ac) 2 ·6H 2 o (99.9%, alfa aesar), and NH 4 oH (5m, aldrich chemical co.) were used in this study.
0.1 mol of Nb 2 o 5 powder was first suspended in 500 ml of distilled water, then ultrasonicated (Ultrasonic Homogenizer 4710 series, cole-Parmer Instrument co., vernon Hills, Il) for 10 min to break up the Nb 2 o 5 agglomerates. To precipitate mg(oH) 2 onto the Nb 2 o 5 surface, mg(cH 3 coo) 2 ·6H 2 o (0.105 mol) was continuously dropped into the suspension during this coating process. NH 4 oH (5m) was used to keep the pH level above 10.5 and the suspension was stirred for 30 min after mixing. The suspension was dried at 150°c by a hotplate. after drying, a precursor slurry was made from a lead acetate anhydrous (Pb(cH 3 coo) 2 ·2Pb(oH) 2 ) solution in ethylene glycol (EG) (HocH 2 cH 2 oH, alfa aesar) with 15% excess lead. The suspension was then dried at 230°c on a hot plate. Pyrochlore-free perovskite PmN powder was obtained by the dried PmN precursor powder, which was first heated at a rate of 1°c/min to 360°c for 2 h, followed by 5°c/min heating to 950°c for 2 h. a PT precursor solution in EG with a stoichiometric quantity of Pb(cH 3 coo) 2 ·2Pb(oH) 2 and Ti(ocH(cH 3 ) 2 ) 4 was prepared by dissolving in EG before mixing. The perovskite PmN powder was then suspended in a PT precursor solution containing lead acetate and titanium isopropoxide (Ti(ocH(cH 3 ) 2 ) 4 , 99.9% alfa aesar) in EG and ball-milled for 48 h. PmN-PT green powder was obtained by drying at 230°c (with constant stirring) followed by heat treatment at a rate of 1°c/min to 360°c for 2 h. after drying, the resultant powder was ball-milled again for 24 h to ensure intimate mixing of the PmN powder with the PT precursor, which was ready for tape casting. The size of the PmN and PT precursor particles was 430 and 44 nm, respectively, by bET according to the previous study [17] . a scanning electron microscopy (sEm) micrograph of the green tape is shown in Fig. 1(a) , where the submicron-sized PmN is intimately mixed with the nano-sized PT precursor. The tape casting process was carried out by maryland Tape casting co. (bel air, md). The solids loading and viscosity of the slurry had been optimized by adding binders and dispersants. The slurry was ball-milled for 48 h and vacuumed to remove bubbles before casting. The solids loading of the slurry was 60.74% by weight. The thickness of the tape is controlled by adjusting the gap of the doctor blade. The resultant tape was smooth, without warping or cracking, as shown in Fig. 1(b) . The PmN-PT green tape was sintered at 1200°c for 2 h under saturated Pbo vapor atmosphere at normal pressure to prevent the evaporation of Pb element from the PmN-PT tape.
B. Film Characterization
The crystalline phases of the sintered PmN-PT freestanding film were characterized by X-ray diffractometry (Xrd), as shown in Fig. 2 . The Xrd pattern displayed a pure perovskite phase, indicating that the film was well crystallized. The crystalline microstructures of the film were observed by sEm, shown in Fig. 3 . The film was fully dense and without any crack or pore. density was measured to be 7.76 g/cm 3 . Grain size was around 1 to 3 μm and film thickness was 30 μm. according to [12] , fine-grained PmN-PT films would offer greater mechanical strength and improved property stability compared with coarse-grained (7 to 10 μm) PmN-PT ceramics.
For the measurement of electrical properties, 0.4 × 0.4 mm cr/au electrodes were sputtered onto the film as top electrodes. another layer of cr/au was sputtered onto the bottom to serve as ground electrodes. Film samples were poled in a dc electric field of 30 kv/cm for 5 min at room temperature before measurements. The dielectric and ferroelectric properties were measured with an agilent 4292a impedance analyzer (agilent Technologies, santa clara, ca) and an rT6000 ferroelectric test system (radiant Technology, albuquerque, Nm), respectively. The frequency dependence of the free relative dielectric permittivity (ε r /ε 0 ) and the loss (tan δ) of the PmN-PT film were measured from 1 kHz to 1 mHz, as shown in Fig. 4 . The ε r /ε 0 and tan δ at 1 kHz were found to be 4364 (±221) and 0.033 (±0.004), respectively. The ε r /ε 0 and tan δ values were close to those reported by Kosec (4100, 0.04) [10] , Kuščer (3600, 0.036) [18] , Uršič (3200) [19] , and calzada (1835, 0.04) [20] , but were slightly inferior to those of bulk material (5229, 0.02) [10] . The high relative permittivity and low loss of the PmN-PT free-standing film implied a better electrical impedance match and improved sensitivity for miniature high-frequency transducers. The polarization-electric field hysteresis loop is shown in Fig. 5 . The remnant polarization (P r ) and coercive field (E c ) were 28 μc/cm 2 (bulk, 12.3 to 33.1 μc/cm 2 [10] ) and 18.43 kv/cm (bulk, 3.3 to 4.3 kv/cm [10] ), respectively. The saturation polarization (P s ) was around 46 μc/cm 2 (Uršič, 40 μc/cm 2 [19] ).
The frequency dependence of the electrical impedance and phase are displayed in Fig. 6 , which shows that the electrical impedance at resonant peak is 29 Ω at 75 mHz, the series and parallel resonant frequencies are 69 and 80 mHz. k t was calculated according to
where f s and f p are series and parallel resonant frequencies. The k t value was found to be 0.55, which is comparable to the bulk PmN-PT single crystal (0.58, Hc materials, bolingbrook, Il). 
III. Fabrication and characterization of High Frequency (80 mHz) miniature Transducer

A. Transducer Fabrication
after characterization of the PmN-PT free-standing film, a 7 × 10 mm piece of film was used as the active piezoelectric layer to fabricate side-looking miniature transducers. a two-layer acoustic matching scheme was suggested to improve the performance of transducer [9] . simulations on a Krimhotz-leedom-matthaei (Klm) equivalent circuit model (Piezocad, sonic concepts, Woodinville, Wa) predicted that 60% bandwidth at a center frequency of 81 mHz could be achieved by incorporating 4.4 μm silver epoxy (7.3 mrayl) and 1.8 μm Parylene (2.3 mrayl; specialty coating systems, Indianapolis, IN) as first and second matching layers. However, even a 1-μm variation of the two layers would decrease the bandwidth by 20% or more. This made quality control in the fabrication process a great challenge.
The PmN-PT film was first sputtered with cr/au (500 Å/1000 Å) layers as electrodes at top and bottom. a silver epoxy matching layer made from Insulcast 501, sulcure 9 (american safety Technologies, roseland, NJ) and 0.5-to 1-μm silver particles (sigma-aldrich Inc., st. louis, mo) was then cured over the top of the film and lapped to the designed thickness of 4.4 μm. However, because of the limitation of hand lapping, the variance of silver epoxy layer was ±3 μm. a conductive backing material, E-solder 3022 (vonroll Isola, New Haven, cT) was then applied to the bottom of the film and lapped to 0.4 mm. The active stack was diced along the thickness direction into small posts with the aperture of 0.4 × 0.4 mm. The post was housed within a 0.57-mm Id polyimide tube (small Parts Inc., miramar, Fl); an opening in the side of the tube allowed the transducer to face the side. a 0.25-mm od electrical wire was connected to the conductive backing using E-solder 3022 inside the polyimide tube. The polyimide tube provided the electrical isolation from the outer stainless steel needle housing. The outer needle housing, with an Id of 0.66 mm and od of 0.92 mm, had a window on the side for the acoustic wave to go through. 5-min epoxy (Henkel corporation, Irvine, ca) was used to fill the gap between the piezoelectric post and the needle housing to insulate the inner electrode. another cr/au electrode was sputtered over the silver epoxy matching layer and the stainless steel needle housing to form the ground connection. a 2-μm-thick parylene layer (±0.5 μm) was vapordeposited onto the transducer and needle housing to serve as a second matching and protecting layer. The transducer was finally connected to a brass holder and sma connector for mechanical holding and electrical connection. To enhance the piezoelectric activity of the PmN-PT film, the finished transducer, shown in Fig. 7 , was poled in a dc electric field of 30 kv/cm for 5 minutes at room temperature.
B. Transducer Characterization
The side-looking miniature transducers' performances were measured in a de-ionized water bath at room temperature. Pulse-echo tests [9] were conducted with X-cut quartz as a signal reflecting target. a single sinusoidal wave (80 mHz; 125% bandwidth; 42 v pp and 200 Hz repetition rate) emitted from a monocycle function generator (avtech Electrosystems ltd., ontario, canada) was used to excite the transducers. Echo signals were amplified by a 33-db pre-amplifier (mITEq, Hauppauge, Ny) and digitized by a 1-GHz oscilloscope (lc534, lecroy corp., chestnut ridge, Ny). The frequency responses of the transducers were analyzed from the echo waveforms. The center frequency (f c ) and −6-db fractional bandwidth (bW) could be determined by
where f l and f u are defined as lower and upper −6-db frequencies, at which the magnitude of the amplitude in the spectrum is 50% (−6-db) of the maximum. Fig. 8 shows a pulse-echo result from a representative transducer with matching layers that well-matched the designed parameters. Peak-to-peak amplitude was 573 mv. The measured center frequency was 82 mHz and the −6-db fractional bandwidth was 65%. However, because of the difficulty in controlling the thickness of the silver epoxy matching layer, transducers with thinner layers (2 to 3 μm) possessed inferior bandwidths (35%) but slightly higher center frequencies (83 to 84 mHz), whereas transducers with thicker layers (5 to 7 μm) functioned at lower center frequencies (70 to 75 mHz) and had fair bandwidths (35 to 45%). The decrease in center frequency could be explained by the clamping and attenuation effects of matching layers. Two-way insertion loss (Il) was calculated using the ratio of the frequency spectrum of the transmitted and received responses, which was compensated for the attenuation in water and loss caused by the imperfect reflection from the quartz target. The equation used was
where V T and V r are the transmitting and receiving amplitudes, respectively, in volts; d is the distance in millimeters from the transducer to the target. The imperfect reflection from quartz crystal was compensated by 1.9 db. The signal loss resulting from attenuation in water was compensated by 2.2·10 −4 db/mm·mHz 2 [9] . The Il value was measured to be 23 db at 80 mHz, which indicated the transducer's sensitivity is comparable with that of 80-mHz large-aperture liNbo 3 single-crystal transducers, which have Il values of around 10 to 25 db [9] . 6-μm-diameter tungsten wire targets were linearly scanned to determine axial and lateral resolutions of the transducer, as shown in Fig. 9(a) . The envelopes, or point spread functions (PsFs), of echo signals from the wire located 1.2 mm from the transducer surface are displayed in Figs. 9(b) and 9(c). The axial and lateral resolutions were determined from the −6-db envelope widths, which were 35 and 176 μm, respectively.
Iv. In Vitro Intravascular Imaging
In vitro imaging of a normal rabbit aorta was performed to test the side-looking PmN-PT free-standing film transducers' performance for intravascular imaging applications. during the experiment, the tip of the transducer was positioned inside the lumen of the sample, which was immersed in water and supported by a sponge to stand in a water tank. only the part of the sample above the sponge was imaged. circumferential scanning was achieved by rotating the water tank with the sample inside using a stepper motor (National Instruments, austin, TX) while the transducer remained immobile. The same transmitting and receiving scheme was used for the pulse-echo tests, except higher driving voltages were used (up to 120 v pp ) and the rF data was digitized by a 12-bit data acquisition board (Gage applied Technologies, lockport, Il) with a sampling rate of 400 mHz. 1000 alines were acquired during each revolution and the scanning procedure was controlled by a customized labvIEW program (National Instruments). rF data were saved and post-processed for image display. For comparison purposes, a 35-mHz PmN-PT single crystal transducer (60% bandwidth and 15 db insertion loss) built using the same fabrication process with the same aperture size was used to image the same sample. all images were displayed with a 50 db dynamic range.
rabbit aorta images at 80 and 35 mHz were shown in Figs. 10(a) and 10(b) , respectively. The 80-mHz image exhibited a much better resolution (denser speckles) than the 35-mHz image. because of the improved resolution, the vascular wall and the surrounding fatty tissues in the 80-mHz image were better differentiated. The 80-mHz IvUs image could easily visualize the whole depth of vessel wall (up to 1.5 to 2 mm), though not the full depth of the hypoechoic fatty tissue. because the healthy rabbit aorta vessel wall was relatively thin, it was not sufficient to fully evaluate the penetration depth. v. conclusions
In this paper, we utilized the piezoelectric free-standing film technology for high-frequency (80 mHz) IvUs imaging. The PmN-PT free-standing film technology simplified the process of preparation of very thin layers of piezoelectric material with satisfactory quality, which is promising for very-high-frequency ultrasound applications. The fabrication procedures of a high-quality PmN-PT free-standing thin film without a substrate were presented. The measured dielectric and ferroelectric properties of the film were close to those of bulk material. based on the film, miniature side-looking IvUs transducers were fabricated and tested. Testing results showed that the transducers had high resolution and sensitivity. an in vitro study was conducted with healthy rabbit aorta. The 80-mHz IvUs image demonstrated improved resolution and contrast to allow the differentiation of the vascular wall and surrounding fatty tissue, which could not be achieved by a 35-mHz transducer. as expected, the imaging depth in the hypoechoic fatty tissue was inferior to that of a 35-mHz transducer. However, this capability of distinguishing vascular layer and tissue surroundings is especially attractive for detecting a vulnerable plaque consisting of a lipid pool surrounded by a fibrous cap. an increase in frequency will allow the resolution and contrast to be further improved, which can be achieved using the free-standing film technology. Integration of the transducer element into a catheter-based probe with a rotational shaft is needed for future animal study or clinical use, but this could be easily realized because the element size is well within the catheter size restriction. moreover, by designing better customized electronics and integrating time-gain compensation or coded excitation techniques, penetration depth could be further improved. 
